In thin nematic liquid crystal films with homeotropic boundaries, surface forces are measured that are produced by an electric field induced flow. The sample is placed between two horizontal circular glass disks in a torsion viscosimeter, where a torque is exerted on the upper disk by these surface forces. The evolution of the induced flow is registered via this torque. The time constants of this evolution, the viscosity term y, -xj^c the elastic constant K} are determined.
I. Introduction
In nematic liquid crystal (NLC) films a coupling of the director field and the hydrodynamic flow can occur. Usually the flow is produced by external con straints and the flow alignment of the director field is studied. The inverse effect is also observed: hydrodynamic flow induced by orientational changes [1] (sometimes called backflow [2] ). This induced hydrodynamic flow in turn influences the alignment [3] . So the director field behaves in a rather complex manner.
Several investigations deal with the fluid flow that is induced by a change in the director orienta tion. A direct observation of this flow is -to our knowledge -only reported for the case that a magnetic field is applied to an NLC sample and the flow is observed through the motion of disclinations [4] , In a few investigations of thin NLC films with homogeneous boundaries, the time dependent director field is calculated numerically taking into account the fluid flow [5 -7] , From the calculated evolution of the director field the transmissivity of these samples is numerically determined as a func tion of time. Comparison with calculations that neglect the induced flow show the effect of the fluid motion on the transmissivity. Especially the bounce effect [8] is shown to be caused by the fluid motion.
In our investigations we deal with the fluid flow that is induced by the application of a vertical electric field on an NLC film when the field Reprint requests to Dr. J. Grupp, Physikalisches Institut, Domagkstr. 75, D-4400 Münster, F.R.Germany. strength exceeds a critical value. We limit ourselves to the case of homeotropic boundaries and the NLC MBBA having a negative dielectric anisotropy. The MBBA is sandwiched between two parallel circular glass disks of a torsion viscosimeter ( Figure  1 ). The disks are coated with transparent electrically conducting indium-tin-oxid films. The upper (bot tom) glass disk is 1 mm (6 mm) thick and 30 mm (46 mm) in diameter. The torsion (upper) disk is suspended by a 30 [j.m quartz thread coated with a gold film. A more detailed description of the apparatus is given in [9] , In such a torsion shear cell the induced flow is directed tangentially and pro duces a vertical torque on the torsion disk.
Surface forces are also involved in the hydrodynamic equations of the continuum theory due to Ericksen [10] and Leslie [11] . We employ these equations -similar to Brochard et al. [1] -in the limit of the small angle approximation. The evolu tion of the director field and the velocity field is calculated from the measured evolution of the torque. 0340-4811 / 84 / 0400-0309 $ 01.3 0/0. -Please order a reprint rather than making your own copy.
II. 1. I 'isual observations
We consider a homeotropic aligned sample in the torsion shear cell. The sample appears black when it is placed between crossed polarizers in a mono chromatic parallel light beam. Applying a voltage larger than the threshold value U0 (on an unsheared sample), the Freederickzs transition occurs [12] . The change in the director alignment is seen by the occurrence of concentric interference fringes moving towards the torsion center (Figs. 2b and c) . This is very remarkable because with the upper disk fixed one could not observe this high symmetry. Finallyafter the orientational change has relaxed -one observes Figure 2d . For this final state Fig. 3b shows schematically the director field in the midplane of the sample using the c director defined in Figure 3 a. For symmetry reasons there occurs an umbilic in the torsion center [13] . Simultaneously to the optical effects just de scribed a transient angular motion of the torsion disk is observed after the application of the voltage. In Fig. 4a , the corresponding value of the azimuth cp is presented as function of time. The angular motion can be splitted into two parts. The first part is denoted the acceleration process. Here, the angular velocity (p (= dtp/dt) increases with time. In the second part, tp decreases and finally equals zero. A (nearly) constant cp(t) is reached after a sufficiently long time. This second part is denoted relaxation process. When the applied voltage is switched off a reverse angular motion of the TD is observed (Fig  ure 4b) . tp{t) approximately reaches the original zero value, when the intermediate small torque of the quartz thread has only caused a negligibly small angular motion. In the presented experiments this holds true because the duration of the field induced flow is very short compared to the relaxation time (of the shear motion) of the torsion disk.
II. 3. Direction of the field induced flow
When the direction of the c director of the deformed director field is known a more profound discussion of the orientational change and its re lated flow is possible. A definite (tangential) direc tion of the c director can be produced by a torsion shear [14] , The c director field of the midplane of such a sheared sample is similar to Figure 3 b .
A suitable shear motion of the torsion disk can be produced by a twist of the quartz thread. In Fig. 5 , the full curve shows cp{t) measured for a small angle interval. The dashed curve shows cp (/) when the voltage U = 5.08 V has been applied to the sample in addition to the torque of the quartz thread. Here <p(t) decreases faster due to the smaller apparent viscosity. At t = 2.5 min the voltage is switched off. The flow induced by the orientational change of the director field causes a superposed angular motion which is reversely directed to the original shear motion. When the induced flow has relaxed, the slope of <p(t) is the same as that of the full curve.
When an electric field is applied on a sheared sample a flow is produced that affects an angular motion having the same direction as the given shear motion. Such a case is represented in Fig. 6 (see figure caption for details).
These experiments show that the direction of a field induced flow can be determined by the sign of a given shear motion. Taking into account simul taneous optical observations (Part II. 1) it is obvious that the induced flow is uniformly tangential in the shear cell.
Let us now discuss the observed phenomena for a linear shear cell ( Figure 7 ). An applied force Fs shifts the upper boundary with a velocity vs. In Fig.  7a , the director field is shown as formed by such a given shear. The resulting c director points into the same direction as the velocity i\. Application of a voltage will increase the deformation angle y/ and the c director ( [2]). The experiments (Fig. 6 ) have shown that applying a voltage increases the angular velocity of the torsion disk. This means the surface force Ff due to the field induced flow points into the same direc tion as the external force Fs and into the opposite direction of the flow velocity of the boundary zone. This can be explained in a simple manner: The field induced flow stems from the boundaries by exerting a force (Ff) that is oppositely directed to the flow velocity in the boundary zone according to New ton's law (actio = reactio).
In Fig. 7d , the case is represented where a voltage is switched off. Here, the deformation of the direc tor field (Fig. 7c) is reduced inducing a flow with a velocity field that is reversed compared to the application of an electric field. Therefore the force that is caused by the rotation of the director field is also reversed. This means the force F{ and the external force Fs are oppositely directed. If Ff is larger than Fs the boundary is shifted oppositely to Fs (see Figure 5 ). When a superposed shear motion is absent the direction of the induced flow is observed to be also tangential. The magnitude of the rotation of the torsion disk is always equal for the application of a fixed voltage but the sign of the rotation is un predictable. In a series of experimental runs, rota tions of positive and negative signs (Fig. 8) are observed (if distortions of the homeotropic bound aries are absent). This can be explained as follows: when an overcritical electric field is applied the Freederickzs transition is induced by fluctuations of the director orientation [15] . This means that the onset in the director field deformation takes place locally. In the torsion shear cell, however, the first onset of director reorientation exerts a force on the torsion disk. If the tangential component of this force causes a small angular motion of the disk a coherent deformation of the whole director field is induced. So the flow of the whole sample becomes uniformly parallel to the tangential direction.
II. 4. Birefringence
In most of the former investigations the birefrin gence or the transmissivity was used to study the dynamics of NLC films that are subjected to ex ternal fields. We have performed similar experi ments. As described in Part II. 1 interference fringes move to the torsion center after an overcritical voltage has been applied. The local interference order is measured by use of the narrow beam of a He-Ne-laser. The light beam penetrates the sample at a distance r from the torsion center. The trans missivity is detected by a photodiode. In Fig. 9 , the signal S(t) of the photodiode is shown as a function of time after a voltage of 4.6 V has been switched on or off. The corresponding rotation angle <p(t) is also shown. In Fig. 10 , the order of the interference fringe N(t) is presented for two different detector positions: rx % 6 mm (N\ (/)) and r2 = 13 mm (N2(t)). Here a voltage of U = 7.0 V is applied at / = 0. It can be seen that there is a time shift At between the two detector signals concerning the same order N. It is obvious that the mechanical measure is more sensitive to the initial orientational change. Using the order N, the maximal distortion angle y/* of the director field is estimated for the end of the acceleration process: yj* ~ 2 • 10~2rad. This means that the acceleration process is related to very small distortion angles. Here, the end of the acceleration process is indicated by an arrow. For technical reasons the sample is subjected to a tiny torsion shear before the voltage is applied at / = 0.
_ _ _ --------------
In the following we only consider the acceleration process. The hydrodynamic equations of the NLC are solved for this process in the small angle ap proximation. First the electric field induced flow is treated assuming a linear shear cell. The results obtained are subsequently transformed to the tan gential flow in the torsion shear cell. This is allowed because inertial forces can be neglected.
III.l. Hydrodynamic equations in the small angle approximation
According to the continuum theory of Ericksen and Leslie [10. 11] the equations for the velocity field rand the director field h of NLC are 314 III. Theory
o, fij = Gj + g, + Sjjj (2) with the constraints vij = 0, n, n, = I .
Subscripts i and j denote the Cartesian coordinates, the j succeeding the comma denotes differentiation with respect to the /-th coordinate and summation over repeated indices has to be carried out. The first equation represents the conservation of linear momentum, q denoting the density, F any external body force and t the stress tensor. The second equation is equivalent to the conservation of angular momentum, is a molecular inertial coeffi cient. G a generalized body force, g a generalized intrinsic body force and s a generalized stress tensor. The inertial terms in (1) and (2) can be neglected [6] . The body force F (e.g. due to space charges) is negligibly small in our case. Therefore (1) reduces to tUJ = 0.
The geometrical situation studied is schematically shown in Figure 11 . The generalized body force G, arises here from the electric field E [6] : Gx = 0 , Gy = A eE2nx, G: = 0.
E is parallel to the r-axis and Ae denotes the value of the dielectric anisotropy. The velocity and direc tor field subject to the boundary conditions 
The dynamic contribution txz to the component tx: of the stress tensor [11] is in the small angle approximation lxz = nc I'.t.r + (S^/ÖO ,
where r]c is a viscosity coefficient according to Miesowicz [16] . In this approximation we obtain from (la) and (2): K3 is the elastic bend constant [17] and yt is a viscosity coefficient [11] . A trial solution of y/ satis fying the boundary conditions is yj=y/Q cos {n z/d) exp (t/ra) .
Here the space dependent factor corresponds to the static solution of (8b) [15] . This approximation differs from the dynamic solution of the hydrodynamic equations given by Brochard et al. [1] . The validity of our solution will be discussed below (Section V). The exponential time dependence is stimulated by the exponential increase of the angle <p(t) (see for example Figure 12 ). Taking into 
------------------------------------------------
and U0=(K 3/Ae)w2.
Uq is the threshold voltage of the Freederickzs transition.
Surface forces in a linear shear cell
The dynamical tangential surface force per unit area t of an NLC is: t = t f [18] . Here / is the unit vector of the surface. According to Landau and Lifschitz [19] / points outwards from the fluid when the external force on the surface of the liquid is considered. When the force is considered which is exerted on the solid boundaries by the fluid, / is taken to pointing into the fluid. In our experiments we deal with the surface force on the upper boundary (z = + d/2, Fig. 11 ): f z = -1. Using (9) and (10) we obtain from (7): fv = -2a2 y/0 (71 Tay ] exp (t/ra) .
111.3. Surface forces in the torsion shear cell
As the field induced flow occurs tangentially in our torsion viscosimeter the results for the linear shear cell can easily be extended to the torsion shear cell ignoring centrifugal forces. Hereto we replace tx by if,,. The forces that are exerted on a surface element 2 n rd r of the torsion disk, produce a contribution Mr = 2 n r 2 dr to the torque on the disk. The value of the total torque is obtained by integration (R = radius of the disk):
Inserting (14) yields M --j R3 y.2 Ta' exp (t/za) .
The angular motion of the torsion disk can be described by the balance of torques [9] :
J is the moment of inertia, k the friction coefficient of the disk, D the torsion coefficient of the quartz thread and M the torque due to the field induced flow that is given "by (16) . In the acceleration process the torque M is mainly balanced by the torque due to the inertia of the torsion disk because tp remains very small and J <p> k cp:
By this a solution for < p is implied involving the time constant ra of (16): <p=(p0exp (t/ra). Using (16) we obtain from (18) y/0 = -3<p0J /(4 a 2ra fl3).
The quantities on the right side are either constants or available by measurements. Equation (19) is inserted into (14) (tx -►/"): tv = 3J < p0 (2 7i ra R V exp (//ra) .
This equation is used to determine the surface force due to the field induced flow. ra and cpo are obtained for each applied voltage from the angular motion of the torsion disk.
IV. Results
As an example the results of experiments on a 145 [xm thick sample with the clearing point Fc = 40.3 °C are presented. In the following we write < p instead of (p . Figure 12 shows the angular motion of the torsion disk for different applied voltages. For each voltage two curves are shown: <p(t) and < pm-(p(t). <pm is the final azimuth that is reached when the flow has relaxed. Evidently the angular motion can be ap proximated by two exponentials <p{t) = (po exp (//ra) for 0 < / < ? c, (pm -(p (/) = (px exp ( -1/rd) for t > tc, corresponding to the acceleration and the relaxation process. ra and id are presented in Fig. 13 as func tions of the applied voltage. Both curves show a hyperbolic shape. According to (11) , t " 1 is plotted vs. U2 in Figure 14 . using Ae from Klingbiel et al. [21] in (12) : //B = 0.0184 Nsm-2 at F=25.6°C [22] , The involved sample thickness d has been determined from capacitance measurements performed on the homeotropic sample [9] , Calculating //B from the viscosity coefficients measured at T = 25 °C by Gähwiller [23] one obtains rjB = 0.0181 Nsm"2. Using the results (at T = 25 °C) of Kneppe et al. [24] , //b = 0.0194 Nsm-2 is obtained. Our experi mental results agree satisfactorily with these values. In Fig. 14, a threshold voltage £/0=4.01 V of the Freederickzs transition is obtained from the extra polation of the straight line to rä' = 0. Using (13) the elastic constant K2 is determined from this value: K3 = (7.4 ± 0.4) • 10"12 N. This constant is also in agreement with those from other authors (see for example de Gennes [20] ).
The angular motion of the torsion disk indicates that the surface force tx (| tv \ = \tx |) due to the field induced flow reaches a maximal value r.™ ax at about the end of the acceleration process (tc ~ 6.5 ra). The u/v a) Fig. 15 . a) tr* and b) r™x vs. voltage U. local amplitude of the flow velocity vx0 (t) also reaches roughly its maximal value r™ox at the time t = tc. In Fig. 15 , f r x and are shown as func tions of the applied voltage U. In the investigated range of U, both the quantities increase exponen tially with U.
In Fig. 16 , the angular motion of the torsion disk is shown for two voltages that are switched off at t = 0. Except for a short initial acceleration, the angle < p decreases exponentially with time. The time con stants for the exponential decay are approximately equal for all voltages used.
V. Discussion
The analysis of the field induced flow has been performed in the small angle approximation that is valid for the acceleration process since the defor mation angle of the director field remains very small (below ~10_2rad). The evolution of the director field is described by using the quasi-static solution which is correct since the measured time constants obey (11) in the investigated voltage range.
The angular motion of the torsion disk certainly influences the evolution of the field induced flow. In the case of the acceleration process this influence can be neglected. In the relaxation process this feedback can become large. Further, the feedback depends on the radius r as is indicated by the 318 100 motion of the interference fringes in the optical image. By changing the experimental conditions the rotation of the torsion disk can be reduced. So by using a thicker quartz thread the feedback could be suppressed to a large extent. The pure electric field induced flow can only be investigated in a voltage range that is limited by the threshold level U0 of the Freederickzs transition and the critical level Uc for the onset of electrohydrodynamic (EHD) convection. In the case of the sample described in Chapt. IV, these values are UQ = 4.01 V and Uc= 10.5 V when an a.c. voltage of 1 kHz is applied. Beyond the critical voltage a periodic oscillatory angular motion of the torsion disk is observed that is due to EHD convection. This phenomenon is already described elsewhere [25] .
In our considerations we have neglected the in fluence (feedback) of the field induced flow on the director orientation. This is certainly allowed in the case of smaller applied voltages and of thin films of nematics because here the field induced flow is weaker and the related viscous torques are negli gibly small in comparison to the electric and elastic torques. In the case of larger applied voltages this is also true for the initial flow (acceleration process). At the end of the acceleration process, however, an additional deformation of the director field can be produced by the viscous torques that must not be neglected. Such phenomena are the subject of cur rent investigations.
